Flexural strength and fracture toughness of molybdenum disilicide and its composites with 10 wt% TiB 2 and 10 wt% TiB 2 ؉ 10 wt% SiC, synthesized by the hot-pressing technique, were evaluated as a function of temperature, ranging from ambient temperature to 1600°C. Results show that the composites have higher strength and slightly lower toughness as compared with monolithic MoSi 2 at room temperature. At high temperatures, the composites exhibit higher strength as well as higher toughness vis-à-vis monolithic MoSi 2 . Among the composites, the double reinforcement of SiC and TiB 2 was found to be more effective in improving the mechanical properties. A transition from brittle to ductile behavior was observed at temperatures greater than 1300°C for all materials tested. The high-temperature mechanical behavior was found to be significantly influenced by the flow of an intergranular glassy phase and the attendant cavity nucleation and growth along the grain boundaries. Micromechanisms responsible for the ambient as well as the elevated-temperature property improvement in composites are discussed with the aid of fractography.
I. Introduction
M OLYBDENUM DISILICIDE (MoSi 2 ) has received considerable attention in the recent past for potential application as a high-temperature structural material because of its capability to retain high strength and good oxidation resistance at elevated temperatures. However, low fracture toughness at ambient temperature, precipitous decrease in strength and creep resistance at temperatures greater than 1300°C, and inferior oxidation resistance at intermediate temperatures (due to the formation of unstable oxidation products) are some of the drawbacks that hinder the application of MoSi 2 as a fully viable structural material. Different approaches are used to overcome these problems, the composites route being prominent among these. [1] [2] [3] [4] [5] [6] [7] Composites of MoSi 2 are developed to improve the low-temperature ductility and the high-temperature creep resistance, without any significant reduction in the oxidation resistance of MoSi 2 .
A variety of reinforcements with different morphologies were tried with the primary purpose of improving the toughness of MoSi 2 and have met with varying degrees of success. 6 -18 Among these, reinforcement of MoSi 2 with TiB 2 was observed to be beneficial in reducing the "pesting" (complete disintegration of the compact into powdery form) of MoSi 2 at intermediate temperatures. 16 However, TiB 2 is not stable at high temperatures, and, hence, MoSi 2 -TiB 2 composites might not exhibit the same hightemperature properties as that of a MoSi 2 -SiC composite. It may then be possible that by reinforcing with both TiB 2 and SiC, minimization (if not elimination) of pesting at intermediate temperatures and retention of high-temperature strength and creep resistance can be achieved simultaneously. Previous work by the authors has shown that double reinforcement of TiB 2 and SiC increased the room-temperature hardness more than single reinforcement of either TiB 2 or SiC. Dry-sliding wear experiments also showed that the wear rate in the mild-wear region is lower in double reinforcement composites of MoSi 2 .
19 -21 Scanning electron microscopy (SEM) of the pin surface after the wear experiments showed SiC particles with no TiB 2 particles. On the basis of these observations, it was proposed that TiB 2 decomposes due to the high temperatures produced during sliding, forming a borosilicate glassy phase that protects the pin surface and thus decreases the coefficient of friction and wear rate in this region. 19, 20 The results of the oxidation studies show that the pesting is eliminated by the reinforcement of TiB 2 and the double reinforcement of SiC and TiB 2 . 21 Weight-gain measurements and micrography of the "pested" samples after 100 h show that these composites show very little oxidation compared with the monolithic MoSi 2 of the same density.
In this work, a comparative experimental study on the mechanical properties of monolithic MoSi 2 , MoSi 2 ϩ TiB 2 (10 wt%), MoSi 2 ϩ TiB 2 (10 wt%) ϩ SiC (10 wt%) is conducted. Results of the flexural strength and fracture toughness tests on these composites, conducted as a function of temperature, are reported, and possible micromechanisms of deformation and fracture are discussed.
II. Experimental Procedure

(1) Synthesis and Characterization
Monolithic and composites of MoSi 2 with TiB 2 (10 wt%, 13.4 vol%) and TiB 2 ϩ SiC (10 wt%, 12.3 and 17.3 vol%, respectively) each were prepared by taking a mixture of elemental powders of Mo (Aldrich Chemical Co., Inc., USA; 3.8 m), Si (Aldrich; 6 m), and required particles of the reinforcement phase of TiB 2 (12 m) and SiC (Aldrich; 8 m). The mixture was ground in an alcohol mixture in an agate mortar for about 2 h. Hot pressing was conducted in a temperature range of 1700°-1800°C in inert atmosphere under an applied pressure of 23 MPa for about 15 min in a graphite die. These hot-pressing conditions were optimized to get maximum density compacts. The hot-pressed samples, of 40-mm diameter and 6-mm height, were characterized by X-ray diffraction (XRD) and by scanning electron microscopy (Hitachi, S-3500H, Japan) equipped with an energy dispersive microanalizer (EDX, Seiko EG&G, Japan).
(2) Mechanical Property Measurements
Four-point bend tests were conducted on bars of 17-mm length and 1.5 mm ϫ 1.5 mm cross section to measure the flexural strength of materials at different temperatures. The samples were cut to size using a diamond saw and were ground and polished to 1 m using diamond paste before testing. The edges of the samples were chamfered slightly using 1-m diamond paste on a polishing wheel to remove any damage that is induced by the machining at the edge of miniature specimen. 22 Strength measurements were conducted in an Instron machine (Model 1185, Instron, USA) equipped with a vacuum furnace. Tests were conducted at room temperature (RT) and 1150°, 1300°, 1450°, and 1600°C under vacuum of 10 Ϫ6 Torr. The heating rate was 15°-20°C/min. The temperature of the test bar was measured using a two-color pyrometer (Chino Laxons, Japan). A fixed crosshead speed of 0.05 mm/min was used and tests were conducted until the specimen fractured. The flexural or bending strength was then calculated using the following standard formula.
where F f is the fracture load, B and W are the breadth and width of the specimen, and S 1 and S 2 are the outer and inner spans (14 and 7 mm), respectively. Note that in the case of high-temperature tests, F f is taken to be the load at which nonlinearity in the load-displacement plot begins. Three samples were tested for each temperature, and the average values are reported. Fracture toughness, K Ic , of the composites at room temperature and at 1200°and 1400°C was evaluated using the single-edge notched specimens tested in flexure. A straight notch of 0.2-mm width and 0.2-mm depth was machined with a diamond wheel on the tensile surface of the bars. The dimensions of the bars as well as the testing procedures are same as those used for flexural strength measurements. The fracture toughness was calculated using the following formula:
where is the calibration constant (taken to be 1.82), is the bending strength (estimated using the load at which the specimen fractures or nonlinearity in the load-displacement plot begins (an indication of stable crack growth at high temperature), and ␣ is the notch depth. Two specimens were tested at each condition, and the average K Ic value is reported.
III. Results
The composites were found to have around 93%-95% theoretical density, whereas the monolithic MoSi 2 samples were 98% dense. Microstructures of the composites are shown in Fig. 1 . A uniform distribution of the reinforcement phase in both composites can be seen. The SiC particles are irregularly shaped and much larger than the TiB 2 particles, which have a relatively more equiaxed shape. The bonding between the reinforcement phases and the matrix appears to be good. Figure 2 gives the typical load, P, vs displacement, ␦, curves for monolithic MoSi 2 and MoSi 2 ϩ 10 wt% TiB 2 and MoSi 2 ϩ 10 wt% TiB 2 ϩ 10 wt% SiC composites tested at room temperature. All the samples tested at ambient temperature exhibit linear P-␦ curves until fracture, indicating that they are essentially brittle.
(1) Mechanical Properties
However, the maximum displacement experienced by the composites before failure is higher as compared with monolithic MoSi 2 . Commensurately, the composites exhibit considerably higher strength (Table I) . Whereas more than a 2-fold increase in the flexural strength of MoSi 2 reinforced with TiB 2 is observed, the strength of the double-reinforced silicide is intermediate to the aforementioned two. at different temperatures of testing (RT and 1150°, 1300°, and 1450°C). The P-␦ curves obtained at RT and 1150°and 1300°C are linear until the final fracture, similar to that observed at ambient temperature. Typically, a decreasing slope of the initial linear P-␦ response with increasing temperature is seen, suggesting a reduced elastic modulus at higher temperatures. While the fracture stress at 1150°C is similar to that measured at RT, a ϳ60% increase in the fracture stress for the specimen tested at 1300°C is noticeable (Table I) . However, when the testing temperature is increased further to 1450°C, the material exhibits yielding (at a stress much lower than the fracture stress obtained at 1300°C) and significant plastic flow indicating the brittle-to-ductile transition between 1300°and 1450°C. Considerable hardening of the material post-yielding is also seen. At still higher temperature of 1600°C, the sample yields even more readily at a stress that is ϳ40% of the RT strength and the P-␦ response is elastic-perfectly plastic in nature. Specimens tested at this temperature remained intact even after being subjected to a displacement of 1.5 mm.
Figures 4 and 5 give P-␦ plots for the composites, MoSi 2 reinforced with 10 wt% TiB 2 and with TiB 2 ϩ SiC (10 wt% each), respectively. As seen from these figures and Table I , the general trends in the P-␦ curves of both composites with temperature are similar to those observed in monolithic MoSi 2 . However, a few subtle differences with respect to the plastic flow at 1450°C are noteworthy. The composite with TiB 2 addition shows serrated plastic flow with a small hardening (Fig. 4) , whereas the doublereinforced composite shows strain-softening behavior (Fig. 5 ). While the displacement at which fracture occurs is Ͼ0.9 mm for the monolithic and TiB 2 reinforced MoSi 2 , it is only about 0.5 mm for the double-reinforced composite, indicating that the latter material is substantially less ductile even at that temperature.
A relative comparison of high-temperature strengths of different materials tested is made in Fig. 6 , where the flexural strengths of the specimens at different temperatures are plotted. The composites have higher strength than the monoliths at all temperatures. In the case of MoSi 2 reinforced with TiB 2 , a slight decrease in strength is observed at 1150°C and reaches a peak value at 1300°C. In the case of the double-reinforced composite, the strength increased with temperature until 1300°C. The increase in strength at 1300°C is small for the monolithic MoSi 2 compared with the composites. All the samples show a decrease in strength after this temperature. The decrease is very significant in the case of composites.
With respect to the high-temperature ductility, it is seen that the monolithic MoSi 2 deforms considerably as compared with the composites even at 1450°C, without fracturing. This confirms the ductile nature of MoSi 2 at higher temperatures. At 1600°C, fracture is not observed at all, with all the specimens deforming without breaking, which is similar to that observed by Hvizdos et al. 24 who have reported that flexure specimens of MoSi 2 composites with SiC and HfO 2 reinforcements bent without breaking at 1400°C. The deflection observed in the case of monoliths is more than that of the composites. This indicates better load-bearing capacity of the composites compared with the monolith.
The fracture toughness, K Ic , values measured at ambient and high temperatures (1200°and 1400°C) are given in Table II . Unlike the flexural strength, the composites show a lower fracture toughness than monolithic MoSi 2 at ambient temperature. At RT, the double-reinforced composite exhibits slightly higher fracture toughness than the composite with TiB 2 alone. However, when the temperature is increased to 1200°C, the composites, both of which show the same toughness, have much higher toughness than the unreinforced MoSi 2 . The K IC of the composites is observed to increase with temperature until 1200°C and decreases precipitously at 1400°C for all the specimens. Among the three materials, the composite with both TiB 2 and SiC retains the fracture toughness better at 1400°C, with a toughness of ϳ2.5 MPa⅐m 1/2 , whereas the toughness of both the monolithic and the TiB 2 -reinforced MoSi 2 is less than one-third that value.
In summary, the reinforcement of secondary phases is beneficial in increasing the strength of MoSi 2 . The double reinforcement of SiC and TiB 2 is found to be more effective at higher temperatures by increasing the strength more than that in the case of just TiB 2 reinforcement.
(2) Fractography
Possible reasons for the variations in mechanical properties listed in the preceding section were obtained by the examination of fracture surfaces of the fractured specimens. Figures 7(a-c) give the SEM fractographs of the fractured surfaces of MoSi 2 , MoSi 2 ϩ TiB 2 , and MoSi 2 ϩ TiB 2 ϩ SiC specimens, respectively, all tested at room temperature. Note that all these micrographs were obtained at similar magnification. In all the cases, it is observed that the fracture origin is on the tensile edge and that transgranular fracture is the dominating fracture mode. All the samples show a cleavage type of fracture, especially large-size grains. However, the roughness of the fracture surface increases with increasing reinforcement content, indicating increased crack-tip tortuousity. This may be attributed to the deflection of the crack by the reinforcement phases as well as the smaller grain sizes in the composites. The SEM micrograph from the monolithic MoSi 2 sample tested at 1300°C is shown in Fig. 8 , which indicates a transgranular to intergranular transition in the fracture mode. However, the cleavage fracture is still the dominant mode of failure in relatively larger grains. Furthermore, the appearance of grain-boundary cavities can also be seen, which is found to increase with increasing temperature. Maloy et al. 2 reported an intergranular type of fracture at all temperatures for the monolithic MoSi 2 due to the presence of a siliceous intergranular phase. But, in the present study the transition to intergranular is found to occur only above 1300°C.
At temperatures higher than 1300°C, the presence of a glassy phase (SiO 2 ) is seen in the fracture surfaces of all samples. The grain boundaries are rounded-off unlike the low-temperature fracture surface where they are sharp. The presence of a viscous phase is found to be more in the case of the TiB 2 composite. Figure  9 (a) shows a subcritical crack on the tensile edge of a flexure specimen of the monolithic material tested at 1450°C. The intergranular nature of the crack path is evident. The crack profiles of the composites also show a similar trend (Fig. 10) . Crack deflection and crack-branching are observed along with a stable crackgrowth region. Cavitation ahead of the crack tip and crack bridging in the wake of the crack are seen. The flow of the glassy silica phase is seen between the grains at higher magnification in Figs. 9(b) and 10(b). Nucleation and coalescence of cavities ahead of the crack tip in addition to the viscous flow of the glassy phase is also observed. The cavitation is observed at the particle-matrix interface and at grain boundaries similar to that observed by Suzuki et al. 25 and Ramamurty et al. 26 in their works on high-temperature properties of MoSi 2 -SiC composites. The flow of an amorphous phase leading to the coalescence of cavities and the formation of large interfacial microcracks are also observed.
In summary, microscopic observation of crack-profile and fracture features indicates the crack-growth process at elevated temperatures involves cavity nucleation and growth ahead of the crack tip. Coalescence of cavities with the crack tip causes subcritical crack growth. Such a fracture process is established to be the governing mechanism in a wide variety of ceramics that contain or form a viscous secondary phase at high temperature. 26 -29 Although matrix dislocations were reported to be active in the high-temperature deformation of MoSi 2 , the progression of the cracks is dominated by the growth and coalescence of intergranular and interfacial cavities. 29 This indicates that the glassy phase plays a markedly stronger role in the hightemperature deformation and fracture of MoSi 2 and its composites under consideration.
IV. Discussion
Experimental evaluation of the mechanical properties of MoSi 2 and its composites shows that there is a considerable improvement in the room-and high-temperature properties of MoSi 2 by the double reinforcement of secondary phases. Fractographic observations indicate that increased crack deflection occurs with increased (total) reinforcement content. High-temperature strength and fracture appear to be controlled by the flow of intergranular glass films and growth and coalescence of cavities. In the following sections, these observations are discussed.
(1) Room-Temperature Properties
From Table I , we see that the RT strength of the composites is significantly higher than the corresponding value for the monolith. However, the composite route does not appear to improve the toughness (Table II) . On the contrary, fracture toughness of the composites is lower than that of the monolith, with the MoSi 2 - TiB 2 composite showing a decrease of ϳ15%. Generally, the improvement in the strength of the composites of brittle matrix materials is attributed to the increase in toughness. Such a rationale cannot be used to explain the observed results. When the roomtemperature flexural strength is plotted against the corresponding toughness (Fig. 11) , a linear inverse trend is obtained. The critical-stress model (known as the RKR model), which is developed for steels that exhibit brittle cleavage fracture mechanism at low temperatures (lower shelf regime), predicts an inverse relation between the fracture toughness and the yield strength. 30 Since the dominant fracture mode at room temperature is brittle cleavage fracture, it is possible that the governing criterion for roomtemperature fracture in the MoSi 2 materials considered is the attainment of critical stress over a characteristic microstructural length scale. More experimental and modeling work is needed to explore this possibility further.
In the ceramic composite systems, the two important strengthcontrolling factors are (a) residual stresses that arise as a result of the thermal-expansion-coefficient (CTE) mismatch between the reinforcement phase and the matrix and (b) the volume fraction and average particle size of the second-phase dispersion. [31] [32] [33] The reinforcement phases, SiC and TiB 2 , have similar CTEs, 4.3 ϫ 10 Ϫ6 and 4.5 ϫ 10 Ϫ6°CϪ1 , respectively, which are only slightly lower than that of MoSi 2 (6.24 ϫ 10 Ϫ6°CϪ1 ). 23 Because of this small difference, the residual stresses are unlikely to play a dominant role in the strengthening seen in this work.
Also reinforcements hinder the grain growth of MoSi 2 , leading to a decrease in residual stress as well as reducing the propensity for cleavage fracture. The reduction in strength at room temperature in the case of double reinforcements vis-à-vis that reinforced with TiB 2 alone may be attributed to the residual tensile stress developed by the thermal-expansion mismatch between the matrix and the reinforcing particles. Similarly, the higher toughness in the case of the monolith, which has a higher grain size, can be attributed to the geometrical toughening introduced by crack deflection.
(2) High-Temperature Properties
MoSi 2 has a brittle-to-ductile transition temperature (BDTT) at ϳ1150°C.
3 While a number of active slip systems have been identified, it was suggested that dislocation mobility through glide motion is restricted keeping in view the macroscopic brittleness of MoSi 2 . 35 It was suggested that deformation mechanisms such as the climb of dislocations contribute to the plasticity of MoSi 2 increasingly with increasing temperature above BDTT. Such a plasticity-based mechanism is reported by Umakoshi et al. 36 at 1300°C and by Evans et al. 35 at temperatures of 1400°C and above. These observations are consistent with the nonlinear P-␦ response observed in the samples tested at temperatures greater than 1300°C. It is also interesting to note that the nonlinear portion of the load versus displacement increases with temperature, indicating that the dislocation-based plasticity is increasing with increasing temperature. An additional contributor to the observed nonlinear behavior above 1300°C is the viscous flow of the intergranular glass films that are present in the microstructure of MoSi 2 and its composites examined in this work, which arise due to elevatedtemperature powder processing during which SiO 2 is formed in situ as a result of the oxidation of the constituent phases. Above the glass transition temperature (i.e., the temperature at which the glass becomes viscous), grain-boundary sliding and the associated cavitation accommodate the strains at the crack-tip regions and reduce the stress intensity. Such processes lead to subcritical crack growth at elevated temperatures in liquidphase-containing materials. 26, 29, 37 Fractography indicates that the propensity to form stable cracks at high temperatures is aided by the viscous flow of the glass phases present in the microstructure. The microscopic observation of the fracture indicates that the crack-growth process involves cavity nucleation and growth ahead of the crack tip. Such processes are reported for high-temperature creep deformation and failure. Growth and coalescence of cavities ahead of the crack tip causes subcritical crack growth, similar to that observed and reported in a wide variety of ceramics and ceramic composite which form a viscous secondary phase at high temperatures.
The reinforcement particles are beneficial in hardening the base material by impeding the motion of dislocation and grain boundaries. 16 ,25 Aikin 16 has proposed that the composites obey the interphase-barrier strengthening model where the hightemperature yield strength is proportional to the inverse square root of the interparticle spacing. The particles tend to be located both on the grain boundary and within the grains. Aikin 16 also proposed a dislocation-strengthening model below 1300°C with ample evidence of the dislocation activity below 1300°C. Similarly, they can hinder the viscous flow of the material and hence increase the high-temperature strength.
The peak in the flexural strength around 1300°C can be rationalized as follows. With increasing temperature, dynamic relaxation of crack-tip stresses occurs as a result of the viscous flow of the glassy films that encompass the grain boundaries. Such crack-blunting increases the intrinsic fracture toughness and in turn increases the strength of the material. When the temperature is too high, viscous flow becomes considerably easier and damage processes such as cavatation ahead of the crack tip and stable crack growth take place, leading to a ductile tearing process. Therefore, a peak in flexure strength is related directly to an optimum combination of loading rate and temperature. If the loading rate is too fast or the temperature is too low, absence of dynamic relaxation leads to brittle fracture and hence low strength. If the loading rate is too slow or the temperature is too high, damage accumulation initiates at low stresses and hence leads to low strength. A peak in strength can be expected when the dynamic relaxation is maximum but without any stable crack growth.
The onset of nonlinearity is observed only after 1450°C. The stress relaxation is a localized phenomenon at the crack-tip regions and will not reflect as nonlinearity in the macroscopic loaddisplacement behavior. Therefore, the load-displacement curve is still linear although the load that is required to fracture the specimen increases quite dramatically. The onset of significant nonlinearity in the load-displacement curve is associated with the initiation of stable crack growth. The viscosity of the glass decreases exponentially with increasing temperature. As the temperature is increased, the dynamic stress relaxation and the consequent damage accumulation is anticipated to occur at lower and lower remote stress levels, which describes the observed decrease in load required for the onset of nonlinearity. Fig. 11 . Room-temperature fracture toughness, K Ic , for the three different MoSi 2 -based materials plotted as a function of corresponding flexural strengths to illustrate the inversely proportional relationship between these two properties for the materials examined in this study.
V. Conclusions
The addition of SiC and TiB 2 in the form of particulates increases the flexural strength and toughness of MoSi 2 at all temperatures. The secondary phase addition is effective in impeding the crack propagation and thereby increasing the toughness of the monolith. The decrease in toughness at 1400°C is due to the flow of the glassy silica phase present in the samples.
The composite with TiB 2 is found to be more beneficial in improving the bending strength at room temperature, whereas the composite with TiB 2 and SiC is found to have higher strength at high temperatures. All the specimens undergo a brittle transgranular fracture at room temperature. At 1300°C the samples show the presence of rounded grain boundaries and also a little intergranular type of fracture.
At temperatures higher than 1450°C the samples clearly show a ductile type of fracture. At high temperatures the samples are just bent without fracture, establishing the load-bearing capacity of the material. The presence of viscous silica at the grain boundary will decrease the strength values at high temperatures. At high temperatures an intergranular type of fracture is found to be the predominant fracture mode. The presence of a secondary phase is effective in bridging the cracks and also in diverting the crack path. This leads to an increase in strength of the composites.
